We demonstrate a tunable phase grating using a polymer-stabilized blue phase liquid crystal. Because of the electricfield-induced rectangularlike phase profile, a high diffraction efficiency of 40% is achieved. Moreover, this device shows submillisecond response time. The proposed tunable phase grating holds great potential for photonics and display applications. © 2011 Optical Society of America OCIS codes: 160.3710, 050.1950. Liquid crystal (LC)-based electrically switchable phase gratings have the advantages of low cost, light weight, and low power consumption. As a result, they have found applications in optical interconnects, beam steering, and three-dimensional displays. Based on the electric field configuration, the tunable phase grating devices can be divided into two groups. The first group employs a longitudinal electric field with patterned electrodes [1] [2] [3] , and the second group utilizes a TE field with interdigitated electrodes [4] [5] [6] . However, with conventional nematic LCs, the diffraction efficiency is usually low (<30%) and the response time is relatively slow (>10 ms). Recently, the polymer-stabilized blue phase liquid crystal (PS-BPLC) has emerged as a promising candidate for photonics and display applications [7] [8] [9] [10] [11] . It exhibits two major attractive features: (i) no alignment layer is required, which simplifies the fabrication process and reduces the cost, and (ii) the response time is in the submillisecond range, which is ∼10 × faster than nematic LCs.
Liquid crystal (LC)-based electrically switchable phase gratings have the advantages of low cost, light weight, and low power consumption. As a result, they have found applications in optical interconnects, beam steering, and three-dimensional displays. Based on the electric field configuration, the tunable phase grating devices can be divided into two groups. The first group employs a longitudinal electric field with patterned electrodes [1] [2] [3] , and the second group utilizes a TE field with interdigitated electrodes [4] [5] [6] . However, with conventional nematic LCs, the diffraction efficiency is usually low (<30%) and the response time is relatively slow (>10 ms).
Recently, the polymer-stabilized blue phase liquid crystal (PS-BPLC) has emerged as a promising candidate for photonics and display applications [7] [8] [9] [10] [11] . It exhibits two major attractive features: (i) no alignment layer is required, which simplifies the fabrication process and reduces the cost, and (ii) the response time is in the submillisecond range, which is ∼10 × faster than nematic LCs.
In this Letter, we demonstrate a tunable phase grating using PS-BPLC. This device shows a high diffraction efficiency and submillisecond response time. A simulation was carried out to explain the experimental results. Good agreement between the simulation and experiment is obtained.
The BPLC employed in this study is a mixture composed of nematic LC (65% Merck BL038) and chiral dopants (10% Merck CB15 and 25% ZLI-4572). This BPLC host was then mixed with monomers (4.4% C12A and 4.5% RM257) and a 0.7% photoinitiator to form the PS-BPLC precursor. The phase transition temperature of the precursor is ISO 46:7°C BP 37:6°C NÃ during the cooling process and NÃ 40:1°C BP 47:2°C ISO during the heating process, where ISO represents the isotropic phase and NÃ stands for the chiral nematic phase. The precursor was injected into an in-plane-switching (IPS) cell with an electrode width of ∼10 μm, electrode gap of ∼10 μm, and cell gap of ∼7:5 μm, as shown in Fig. 1 . Afterward, a UV curing process was performed at 39°C for 30 min, with an intensity of 2 mW=cm 2 . After UV stabilization, PS-BPLC was formed. Although a slight green-blue reflected color can be observed, the cell is transparent and optically isotropic for red light (λ ¼ 632:8 nm). Figure 1 shows the device configuration and the phase change profiles. At the voltage-off state (V ¼ 0), the PS-BPLC is optically isotropic. Diffraction only comes from the index mismatch between the indium tin oxide (ITO) electrodes and the LC medium. Because the ITO layer is very thin (∼40 nm), this diffraction effect is very small and can be neglected. As an electric field is applied, the LC director tends to align with the electric field because the host nematic LC has a positive dielectric anisotropy (Δε). As a result, birefringence is induced. The induced birefringence can be described by the extended Kerr effect [12] :
where Δn sat stands for the saturated induced birefringence and E s represents the saturation field. The induced ordinary and extraordinary refractive indices can be expressed by Eqs. (2) and (3), respectively [13] ,
Here, n i represents the refractive index at the voltage-off state. Because of the nonuniform electric field in the IPS cell, the LC director distribution is also not uniform. On top of the electrodes, the electric fields are vertical; both TE and TM polarizations experience the ordinary refractive index n o , which is smaller than n i . Therefore, the accumulated phase is decreased. On the other hand, at the gaps between the electrodes, TE and TM waves experience different refractive indices. As a result, the accumulated phase is increased for the TM wave because it sees n e but decreased for the TE wave because it sees n o . From Fig. 1 , the TM wave has more phase change than the TE wave. Therefore, we will focus only on the TM wave in the following discussion. Figure 2 (a) shows the experimental setup for optical measurement. The polarizer was used to select the TMpolarized light. An iris was placed behind the prepared sample to select the diffraction orders. The intensity of the diffraction orders was detected by a photodiode. At the voltage-off state, the diffraction effect is weak and the energy is mostly on the zeroth order, as shown in Fig. 2(b) . Although the higher orders can be observed, the intensity is negligible as compared to that of the zeroth order. The sample was driven by a square-wave voltage with a 1 kHz frequency. As the applied voltage increases, the periodic phase distribution serves as a diffraction grating. As a result, the energy is transferred from the zeroth order to the first order, as Fig. 2(c) shows. Figure 3 shows the diffraction efficiency of the zeroth, first, and second orders. The diffraction efficiency was calculated as a ratio between the intensity of diffracted order N and the total intensity at V ¼ 0, described by Eq. (4):
The diffraction efficiency is similar for the þ1 and −1 orders, and both can achieve 40% at 160 V. This high efficiency is due to the reduced coherence length ξ of the PS-BPLC. For conventional nematic LCs, the LC director distribution does not exactly follow the electric field distribution, and it is usually smooth due to the long coherence length. With the polymer stabilization method, LCs are separated by the polymer network. As a result, ξ is greatly reduced. Therefore, the directors follow the electric field distribution, and a sharp spatial phase profile was obtained, as shown in Fig. 1 . This rectangularlike phase profile helps improve the diffraction efficiency. A simulation was carried out to fit the experimental data. First we calculated the electric field distribution in our IPS cell at the voltage-on states using the finite element method [14] . Next, for each applied voltage, the extended Kerr effect model [Eqs. (1)- (3)] was applied to calculate the induced n o and n e based on the electric field distribution. With the induced refractive indices, the phase profile can be calculated using Eq. (5):
where d is the cell gap; z is normal to the substrate, and x is parallel to the substrate but perpendicular to the electrode direction. After, a Fourier transform of the phase profile was conducted to calculate the diffracted intensity of each order. The calculated result agrees quite well with the experimental data. The two fitting parameters are Δn sat ¼ 0:2 and E s ¼ 14 V=μm. Compared with the host nematic LC, which has an intrinsic birefringence of 0.272 at 589 nm, the reduced Δn sat is a reasonable value, because there are other components such as chiral dopants and polymers in this mixture.
Response times of the zeroth and first orders were also measured, as shown in Fig. 4 . The solid black curve represents the zeroth order. As voltage of 170 V is applied, the transmittance is almost zero. Although the transmittance decreases, this process is still defined as the rise process. On the other hand, when the voltage is removed, the decay process takes place. The dashed red curve shows the response time for the first-order diffraction under 160 V, where the maximum efficiency occurs. The rise time and decay time are defined as 10% to 90% of the transmittance change. From Fig. 4 , we find that the rise time is 360 μs and the decay time is 640 μs for the zeroth order. For the first order, the rise time is 560 μs and decay time is 480 μs. All response time is in the submillisecond range.
The only drawback for this tunable phase grating is the high driving voltage (160 V). However, with the development of the new blue phase materials, the driving voltage has been greatly reduced to 50 V [15] . On the other hand, with new device configurations, such as the one (B) proposed in [3] , the driving voltage can be reduced from 160 to 95 V in order to achieve maximum diffraction efficiency for the first order.
In conclusion, we have demonstrated a tunable phase grating with a PS-BPLC composite. It is scatter free and does not need an alignment layer. High diffraction efficiency and submillisecond response time have been achieved at the expense of high driving voltage. With new materials and new device structures, the voltage could be greatly reduced. This device shows great potential for photonics and display applications, such as optical interconnects, beam steering, and projection displays.
